The compound semiconductor system InGaAsN exhibits many intriguing properties which are particularly usefid for the development of innovative high efficiency thin film solar cells and long wavelength lasers. The bandgap in these semiconductors can be varied by controlling the content of N and In and the thin films can yet be lattice-matched to GaAs.
bonding configuration in InGaAsN and GaAsN, suggesting that N impurities most likely substitute for As sites in these two compounds.
The results of In K-edge XAFS suggest a possible trend of a slightly larger coordination number of As nearest neighbors around In atoms in InGaAsN samples with a narrower bandgap whereas the In-As interatomic distance remains practically the same as in lnAs within the experimental uncertainties. These results combined suggest that N-substitution of the As sites plays an important role of bandgapnarrowing while in the meantime counteracting the compressive strain caused by In-doping.
Grazing incidence x-ray scattering (GIXS) experiments veri~that InGaAsN thin films can indeed form very smooth interfaces with GaAs yielding an average interracial roughness of 5-20A.
I. INTRODUCTION
2> . ., Mukilayer compound semiconductors are most promising contenders for the development of next generation solar celis with expected efficiencies higher than 40Y0. A plausible first-step improvement of efficiency over the present record-holding GaInP2/GaAs junction device [1] is to add a third semiconductor layer with energy gap around 1 eV and yet lattice-matched to GaAs. The ideal calculated efficiency for this triple-junction system would be 38% for AMO spectrum, compared to 31% without the third junction [2] . The currently known "material of choice" for this goal is a novel quaternary system InXGal.XAsl.YNY.
Previous studies of this system have shown that adding In atoms to GaAs increases the lattice constant and lowers the bandgap while incorporating N atoms into GaAs decreases both the lattice constant and the bandgap [3] . By an interplay of In and N doping in GaAs, a desirable range of direct bandgaps and lattice constants can thus be tailored to suit the needs of advanced photovoltaic applications.
For example, the compound InXGal-XAsl.YNYcan be lattice-matched to GaAs with a bandgap very close to 1 eV by choosing x = 3y with y around 3 O/O. Applications of this compound system in long wavelength laser diodes have already been reported [3, 4] .
Although the structure of the InXGal-XAs system appears to be well explored, the effects of N-doping in GaAs are far from clear. The location of N atoms in the host as well as its bonding configuration(s) must be determined at first before other fundamental issues such as the impurity levels, strain effects, and their influence on electron transport can be fully understood. Preparation of InXGal.XAs,-YNYcompounds with desired physical characteristics (e.g. high electron mobility) is still a technical challenge at the present time.
Moreover, since incorporation of In and N can give rise to compressive and tensile strain in thin films of InXGal-XAsl-YNYdeposited on GaAs, it is conceivable that the interface morphology at the heterointerface can play an active role in affecting the local structure(s)
as well as the mobility or diffusion length of the charge carriers. AI1 these properties are important for photovoltaic applications. Physical studies of the local environment
3'
surrounding N and In atoms in this quatemary system and the interface morphology would seem highly desirable.
The x-ray absorption fine structure (XAFS) normally refers to the element-specific short-range structure probing techniques of near edge x-ray absorption fine structure (NEXAFS) and extended x-ray absorption fine structure (EXAFS). It has been known for some time that core ievel photoabsorption process can be used to characterize the bonding and structure of systems which do not exhibit long-range order. In the present experiment, we have utiiized NEXAFS to determine the local bonding environment about N in GaAsl.YNY (y = 0.057) and
InxGal.,As l-YNY (x= 0.07-0.08, y = 0.02-0.03) compounds. As discussd in several recent reviews [5] , the N K-edge NEXAFS spectrum is directly related to the p-projected density of unoccupied states in nitrides. Based on these observations, the N K-edge NEXAFS spectrum can often be used to determine the local electronic and physical structures of nitrogen in various nitride compounds.
Since the dilute In impurities in InGaAsN do not generally form long-range ordered structures, EXAFS is therefore needed for investigating the local structures around In atoms.
In the present work, EXAFS measurements were performed at the In K-edge on four InXGal-ASI-YNYsamples with x = 0.07-0.08, y = 0.02-0.03. The unique features and detailed description of the EXAFS technique are weli known as can be found in several review articles [6] .
In addition to the x-ray absorption spectroscopy studies, experiments of grazing incidence x-ray scattering (GIXS) were also petiormed on samples of InXGal-XAsl-YNYto investigate the interface morphology. This is a nondestructive technique well suited for .
probing the interracial roughness and height fluctuations of buried interfaces. Detailed 4' description of this experimental technique and methods of data analysis have been reported elsewhere [7] . Table I . Table 11 .
Conventional EXAFS measurements around the N K-edge were also attempted, but without success. The experimental difflculties are mainly caused by the insufficient energy range of soft x-ray that is too short for reliable EXAFS analysisThe measurements are further complicated by ubiquitous oxygen contamination in the samples.
Iridium K-edge EXAFS measurements were conducted by using a conventional x-ray fluorescence mode detection to probe the local structures around In atoms in InXGal.XAsI.YNY samples. The experimental setup at beamline X3B 1 is similar to that used in our previous EXAFS experiments [8] and all samples were measured at room temperature. For comparison with a model compound in data analysis, EXAFS spectra of a 2.5-pm thick InAs film were also obtained at the In K-edge. A well-established background-subtraction and correction method was used to extract the EXAFS %-functions from the raw experimental data [8, 9] . The %-functions were then weighted with k and Fourier-transformed into real space for detailed analysis [6] . For a quantitative study of the local structures, the experimental data were analyzed and compared with theoretical calculations by a curvefitting method [6, 8] . The EXAFS %-functions and the corresponding Fourier transforms for 6'
. the four samples along with the model compound InAs are shown in Fig. 2 . The parameters obtained from this analysis are listed in Table HI .
Grazing incidence x-ray scattering (GIXS) experiments on two InxGal.xAs~.YNY/GaAs heterojunction samples were conducted to investigate the interface morphology of the heterointerface. These two samples (PA474 and PA476) were prepared under the same condition as for PA475 used for the XAFS study (see Table 1 ). Following the methods described in our previous work [7] , specular reflectivity, longitudinal diffuse scattering (LDS), and transverse diffuse scattering (TDS) scans were made to probe the interracial roughness and correlations of interface height fluctuations in these samples. Considering the tetrahedral (sp3) configuration about As in bulk GaAs, the observation of sp3-type N in InGaAsN and GaAsN indicates that the nitrogen atoms most likely substitute for the As atoms in these compounds.
III. RESULTS AND DISCUSSION
As for the local environment surrounding the In atoms, we can see from the K-edge EXAFS results in Fig. 2(a) On the other hand, the coordination number of first neighbor (As) atoms around the In impurities seems to show some variations with the sample characteristics such as N concentration, bandgap, and film thickness. As shown in Table 111 ,the coordination numbers In light of these observations, it can be concIuded that N-doping in the ternary system lnGaAs not only Ieads to local structural changes by substituting for the As sites but also could give rise to possible changes in the local structure around the In impurities, which in the meantime serves as a strain "moderator" by providing a tensile strain to counteract the compressive strain originated from In-doping. In and/or N concentrations might actually depend on the distribution of these impurity atoms. In the samples studied thus fw, the random distribution of both In and N impurities could also give rise to a high degree of local disorder and strain, which could consequently affect the nobilities and diffusion length of the charge carriers. A natural course to follow for improving the photovoltaic characteristics of InGaAsN is to make thin films with more ordered distribution of In and N impurities.
The interface morphology between InGaAsN and GaAs has been examined by using the GEM technique with two InGaAsN/GaAs heterojunctions. Typical results of specular reflectivity, longitudinal diffuse scattering (LDS), and transverse diffhse scattering (TDS) are shown in Fig. 3 . The oscillations observed with sample PA476 as shown in Fig. 3(a) indicate a high quality smooth interface. The other sample (PA474) has a larger thickness, hence the play an important role in affecting the changes of bandgap while also serve as "strain 11 ' moderators" by providing a tensiie strain in the film to counteract the compressive strain introduced by the In impurities. Further, GIXS measurements of InGaAsN/GaAs heterojunctions provide direct evidence that the InGaAsN thin films can indeed be latticematched to GaAs substrates resulting in a reasonably smooth heterointerface.
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